OBJECTIVE -To assess whether the insulin analog lispro may antagonize the renal effects of IGF-1, a mediator of glomerular hyperfiltration involved in the progression of diabetic and nondiabetic chronic nephropathies.
L
andmark experimental studies in the 1970s (1) led to formulate the hypothesis that chronic nephropathies progress through a common mechanism initiated by focal nephron loss and sustained-even after the initial disease activity has abated-by adaptive responses of surviving units, such as glomerular hyperfiltration and hypertrophy. This initially helps the kidney to accommodate the load of nitrogenous wastes that accompanies protein metabolism but ultimately proves detrimental to the kidney. Over time, glomerulosclerosis and tubular atrophy reduce nephron mass and fuel a self-perpetuating cycle of nephron destruction that culminates in uremia (2) . This process is amplified and accelerated in diabetes, where preglomerular vasodilatation sustains glomerular hyperperfusion and hyperfiltration even before a substantial loss of nefrons occurs (3) .
Several mediators, including growth hormone (4), glucagon (5), gluconeogenic amino acids (6) , and ketone bodies (7) , may sustain glomerular hyperfiltration associated with kidney failure. Some studies, however, suggest a central role for IGF-1 that, in addition to directly modulating renal hemodynamics (8) , may also mediate the effects of some of the above factors, such as growth hormone (9) . The hypothesis that IGF-1 increases renal hemodynamics is consistent with the finding that IGF-1 serum levels are elevated in individuals with chronic renal failure (10, 11) or diabetes (12) and that these levels are positively correlated with the the glomerular filtration rate (GFR) (13) . Moreover, IGF-1 infusion increases both GFR and renal plasma flow (RPF) in diabetic and nondiabetic animals and humans with or without nephropathy (14 -18) ; the increase in GFR is sustained by an increase in both RPF and glomerular barrier hydraulic permeability, and that in RPF is sustained by a decrease in renal vascular resistances (RVR) (15) . Experimental evidence is available to confirm that these effects are exerted through specific receptors-the expression of which increases in hyperfiltering animals (20)-on mesangial cell surface (19) and are fully blunted by IGF-1 antagonists (21, 22) . In particular, increased expression of IGF-1 and of the related factor IGF-2 or of their binding proteins and receptors has been involved in the pathogenesis of glomerular hyperfiltration and hypertrophy in experimental and human diabetes (20, (22) (23) (24) (25) .
In this regard, it has been recently found that a recombinant insulin analog (insulin lispro), because of the transposition of proline and lysine at position 28 and 29 in the COOH-terminal of the b ␣-chain, has an enhanced homology with the corresponding regions of IGF-1 (26, 27) . This results in a twofold increased IGF-1 receptor affinity relative to human insulin and in an increased competitive binding to IGF-1 receptors (26) . Thus, lispro, in addition to acting as an hypoglycemic agent (28) , might also act as a specific IGF-1 antagonist and therefore offset its renal effects, in particular in the setting of overt diabetic nephropathy, since both diabetes and reduced nephron mass converge to sustain glomerular hyperfiltration (29) .
To test this hypothesis, we took advantage of the fact that lispro is now standard therapy for type 1 and insulintreated type 2 diabetes with or without the presence of nephropathy (28) . Because of its peculiar pharmacokinetic properties, lispro is routinely administered to diabetic patients immediately before meals (30, 31) . This is finalized to minimize postprandial hyperglycemia without inducing late hypoglycemia (32) . Thus, we evaluated whether and to what extent a fixed dose of lispro administered before a standard meal acutely decreased the GFR in 11 type 2 diabetic patients with overt nephropathy. To account for the potential confounding effect of the acute increase in renal hemodynamics expected after the meal (33) and mealinduced hyperglycemia (34) , the renal response to lispro was compared with that of an identical dose of human insulin administered to the same patients under the same experimental conditions.
RESEARCH DESIGN AND METHODS
This was a short-term study aimed to evaluate the acute renal response to a standard meal in 11 type 2 diabetic subjects (World Health Organization classification) with macroalbuminuria after a single subcutaneous injection of regular insulin or insulin lispro (0.1 unit/kg body wt.) on two separate occasions 2 weeks apart. We secondarily evaluated to what extent the renal effects could be influenced by the different bioavailability and the metabolic effects of the two drugs.
Patients
Patients on continued treatment with oral antidiabetic agents and/or insulin for at least 1 year, who had a serum creatinine Ͻ2.0 mg/dl and an albuminuria persistently Ն200 g/min in two of the three urinary collections for at least 6 months, were asked to submit within 2 weeks three consecutive timed overnight urine collections for the centralized measurement of urinary albumin excretion rate (UAE). Those with UAE Ն200 g/min in two of the three urinary samples entered the study. Patients with any evidence of nondiabetic renal disease; urinary tract infection; stroke; acute myocardial infarction or unstable angina in the last 6 months; severe liver or hematological disease; collagen vascular disease; cancer; treatment with cimetidine, steroidal, or nonsteroidal anti-inflammatory agents over the last 2 months; or any condition that in the investigator's judgment might prevent study completion or affect data interpretation were not included. Pregnancy or childbearing potential were also exclusion criteria. All patients provided written informed consent according to the declaration of Helsinki (1975 and 1983) .
Study design
At the initial screening visit, data concerning clinical history, antidiabetic and antihypertensive therapy, and concomitant medications were recorded. Blood pressure was measured by standard procedures. An ultrasound evaluation was performed to evaluate kidney size and perfusion after bladder voiding. Patients with any evidence of renovascular disease, urinary tract obstruction, or incomplete bladder voiding were not selected for study participation. Blood and urine were sampled from eligible patients for measurement of fasting and postprandial blood glucose, fructosamine, and HbA 1c ; complete blood cell count; routine laboratory tests, including serum creatinine, total, LDL and HDL cholesterol, triglycerides, plasma electrolytes, venous pH, and creatinine clearance and also for the evaluation of urine sediment. Baseline evaluations were repeated every month for 3 months, and patients with changes in HbA 1c and BMI Ͻ5% vs. baseline with no change in antidiabetic/antihypertensive therapy and diet were admitted at the Outpatient Division of the Clinical Research Center for Rare Diseases "Aldo e Cele Daccò " Villa Camozzi for the clearance studies.
Clearance studies
Patients were fasting and without antidiabetic therapy from the evening before. The morning of the clearance study, regular insulin was infused through an antecubital vein and infusion rate was adjusted according to blood glucose concentration in order to maintain stable blood glucose levels (range 80 -120 mg/ dl) throughout the clearance study (34) . After 2-h blood glucose stabilization within the target range (80 -120 mg/dl), intravenous regular insulin infusion was stopped and the clearance studies were started ( Fig. 1) . As previously described, GFR, RPF, and glomerular permselectivity were evaluated by measuring inulin, paraminohippuric acid (PAH), and albumin fractional clearances under a steady state of diuresis induced by oral water loading (34) . A priming dose containing 25% inulin and 20% PAH was infused followed by continuous administration of inulin and PAH to maintain constant plasma concentrations of ϳ15 and 1.5 mg/dl, respectively. After an equilibration period of ϳ45 min, two urine collections of 1 h each were done under conditions of sustained euglycemia for basal evaluations. After completion of baseline clearance studies, patients randomly received a subcutaneous insulin injection of a standard dose of regular insulin or lispro (0.1 unit/kg body wt) into the abdominal wall of the periumbilical region (35) The site of injection was recorded in order to ensure that the two insulins were injected exactly in the same position. Then, 30 and 5 min after regular or lispro insulin administration, respectively, patients ate a standard meal made of pasta, turkey, bread, fresh tomatoes, an apple, and olive oil, containing 692 kcal (54.2% carbohydrates, 17.4% proteins, and 28.4% lipids) within 20 min (30). The broad aim was to achieve postprandial blood glucose concentrations Ͼ250 mg/dl after the subcutaneous injection of a standard dose (0.1 unit/kg body wt) of regular insulin (29) . Patients voided at the beginning of the meal, and six consecutive 1-h urine collections were made for postprandial evaluations. Blood was sampled at the beginning and end of each postprandial urine collection. Urine and plasma samples were collected for the measurement of inulin, PAH, and albumin. Basal (euglycemic) GFR and RPF were defined as the mean of inulin and PAH clearances during the two 1-h pre-prandial clearance periods. Similarly, postprandial GFR and RPF were evaluated by averaging inulin and PAH clearances measured every two consecutive 1-h clearance periods (from 0 to 120 min, from 120 to 240 min, and from 240 to 360 min after meal, respectively). Fractional clearances of albumin were computed as (U/P)m/(U/P)IN, where (U/P)m and (U/P)IN are the urine to plasma concentration ratios of albumin and inulin, respectively. Again, basal and postprandial albumin fractional clearances were calculated by the mean of two consecutive 1-h clearances before and after the meal, respectively. Throughout the functional studies, the blood glucose was measured every 30 min. In a subgroup of four patients at the same time points, additional samples were taken for the measurement of total (taurin, aspartic acid, hydroxiproline, threonin, serine, asparagin, glutamic acid, glutamin, proline, glycine, alanin, citrulin, valine, cystin, methionin, isoleucine, leucine, tyrosin, phenylalanine, homocystein, lisine, histidine, and arginine) and gluconeogenic (34) (serine, proline, glycine, cystin, methionin, and arginine) plasma amino acid concentration. Immediately before the meal, every 30 min up to 120 min, and every 60 min up to study end-plasma samples were collected and stored for the measurement of insulin and C-peptide plasma concentrations. Recumbent systolic and diastolic blood pressure were measured every hour, and mean arterial blood pressure (MAP) was calculated at each measurement by adding one-third of the pulse pressure to the diastolic blood pressure.
At completion of the clearance studies, patients were discharged and asked to continue their previous antidiabetic and antihypertensive therapy. No change was introduced in diet or pharmacological treatments. Two weeks later they attended the clinical research center for the second clearance study. Exactly the same procedure described for the first clearance study was adopted for the second one, with the exception of insulin treatment. Patients who previously received insulin lispro were given regular insulin. Again, regular and lispro insulin (0.1 unit/kg body wt) were given 30 or 5 min before the standard meal. At completion of the second clearance study, the patients were discharged.
Measurements
Plasma-free insulin concentrations were determined by radioimmunoassay after polyethyleneglycol precipitation (36) and C-peptide concentration was measured by radioimmunoassay. Albumin concentration was measured on fresh plasma and urine samples by immunoturbidimetry. Amino acid plasma concentration was measured by a high-performance liquid chromatography fluorimethric method (37) . Inulin and PAH concentrations in plasma and urine samples were determined using methods previously described (34) . Other laboratory measurements were done by routine laboratory techniques. Blood glucose and plasma amino acid areas under the curve and mean GFR, RPF, filtration fraction (FF), RVR, and albumin fractional clearances were calculated using standard formulas. GFR and RPF were normalized for body surface area.
Sample size
The primary efficacy variable of the study was the percent change in postprandial GFR achieved by lispro versus regular insulin. Based on previous studies of type 2 diabetic subjects with a similar degree of renal dysfunction studied under sustained euglycemia (38) , our patients were predicted to have a mean Ϯ SD basal GFR under sustained euglycemia of 60 Ϯ 10 -1 of regular insulin was predicted to result in a mean Ϯ SD GFR increase versus basal of 20%. This effect was predicted to be fully blunted by the administration of an identical dose of insulin lispro. It was estimated that in order to give the study a 90% power to detect as statistically significant (P Ͻ 0.05) the difference in postprandial GFR changes versus baseline, 10 patients had to complete the study.
Statistical analyses
Continuous data were evaluated by means of paired t test. Correlation analyses were carried out using Pearson's r correlation coefficient. Multivariate analysis was carried out using multiple linear regression models. All data were analyzed with SAS software (Version 8.0). Data are mean Ϯ SEM or percent frequency, unless otherwise stated.
RESULTS -Eleven patients (seven men), aged 59.3 years (range 42-72), completed the study. Their diabetes had been diagnosed for 16 years (7-28). At study entry, the BMI was 31.4 kg/m 2 (26.1-41.9), HbA 1c was 8.4% (6.8 -10.4), serum creatinine was 1.20 mg/% (0.75-1.57), and UAE was 746 mg/min (352-3,535). Main clinical and laboratory parameters measured during the euglycemic studies before regular or lispro injection are shown in Table 1 .
Clearance studies MAP, GFR, RPF, FF, RVR, albumin clearance, and albumin fractional clearance measured during the euglycemic studies before regular insulin or lispro injection were comparable (Table 1) . During the postprandial period, MAP slightly increased to 106 Ϯ 4 mmHg after lispro and marginally decreased to 105 Ϯ 3 mmHg after regular insulin injection (P Ͼ 0.05 vs. preprandial values). Postprandial changes in renal hemodynamic parameters are shown in Fig. 2 . Two-and fourhour postprandial GFR changes (vs. preprandial euglycemia) followed a significantly different trend (5.8 Ϯ 5.0 vs. Ϫ6.3 Ϯ 4.7, P Ͻ 0.05; and 11.0 Ϯ 6.8 vs. 0.7 Ϯ 5.1%, P Ͻ 0.05) after regular insulin and lispro injection, respectively. After regular insulin injection, GFR and RPF progressively increased in parallel with a concomitant decrease in RVR. FF did not change throughout the entire postprandial period. After lispro injection, GFR and RPF decreased during the first postprandial period and than progressively increased up to preprandial (baseline) values during the last clearance period. These changes were associated with a concomitant increase in MAP and RVR.
FF did not change throughout the entire postprandial period (Fig. 2) .
On average, throughout the entire postprandial period, changes in GFR and RPF followed an opposite trend (9.25 and 9.27% after regular insulin and Ϫ0.59 and -3.51% after lispro injection, P ϭ 0.07 and P ϭ 0.06, respectively). Average postprandial albumin fractional clearance increased by 66.38% after regular and by 24.48% after lispro, but these two trends were not significantly different.
Metabolic studies
After the euglycemic state was achieved during the clamp, no patient required additional insulin infusion to maintain stable blood glucose levels throughout the euglycemic studies. Blood glucose concentrations achieved during the euglycemic studies were constantly within the target levels ( Fig. 3) and were comparable before regular insulin or insulin lispro injection (Table 2) . Basal free plasma insulin and total and gluconeogenic plasma amino acid concentrations measured before regular or lispro injection were comparable as well ( Table 2) .
The area under the postprandial blood glucose profile (area under the curve [AUC]) was significantly lower after lispro than after regular insulin injection (Fig. 3, Table 2 ). Average postprandial blood glucose levels also tended to be lower after insulin lispro than after regular insulin (Fig. 3, Table 2 ). Differences in blood glucose concentrations achieved the statistical significance from 60 to 180 min after the meal (Fig. 3) . Time to maximum blood glucose concentrations was comparable in the two experimental settings ( Table 2 ). The postprandial total and gluconeogenic amino acid AUCs and average plasma concentration were significantly lower after lispro than after regular insulin injection (Fig. 4, Table 2 ).
Basal insulin levels were comparable before administration of regular insulin or insulin lispro (Table 2) . Postprandial insulin AUCs and average plasma insulin levels tended to be lower after insulin lispro than after regular insulin (Fig. 5 , Table 2), but differences in plasma insulin concentrations did not achieve the statistical significance at any time point after the meal. Time to maximum plasma insulin concentration was significantly shorter after lispro than after regular insulin injection (Table 2) .
On both study days, plasma Cpeptide concentrations were comparable during the euglycemic and postprandial period (Fig. 5) .
Correlation and multivariate analyses After insulin lispro injection, postprandial GFR changes were significantly and negatively correlated with plasma-free insulin concentration (Fig. 6) . No correlation was found between postprandial GFR and plasma-free insulin concentration after regular insulin injection. Changes in GFR did not correlate with absolute blood glucose levels (or with percent blood glucose changes versus basal) after either lispro or regular insulin injection. Differences in post-lispro versus post-regular insulin GFR changes also did not correlate with differences in corresponding blood glucose levels (or with changes in blood glucose levels versus basal). At linear regression analyses, differences in GFR changes during the first and second clearance period were still statistically significant (P Ͻ 0.05), even after correction for concomitant differences in blood glucose concentration.
CONCLUSIONS -In this study, we have found that in type 2 diabetic subjects with overt nephropathy, a standard meal preceded by regular insulin injection induced a progressive increase in glomerular filtration and kidney perfusion that was fully blunted when the meal was preceded by the injection of an identical dose of insulin lispro. Actually, the administration of lispro was associated with a transient postprandial decrease in glomerular filtration and renal perfusion. Arterial blood pressure and renal vascular resistance decreased after regular and increased after lispro insulin injection. Albumin fractional clearance increased after regular insulin and, to a lesser extent, after insulin lispro. Of note, after lispro injection, maximum postprandial GFR reductions occurred at maximum free plasma insulin concentrations, and postprandial changes in GFR and plasma insulin were negatively correlated, suggesting that lispro has a direct effect of limiting hyperfiltration in human diabetes. This effect is probably achieved through inhibition of arteriolar vasodilatation, as suggested by the prevention of meal-induced RVR decrease. These findings provide support to our working hypothesis that lispro may inhibit IGF-1-dependent renal vasodilation (26, 27) , possibly through antagonism for the IGF-1 receptors located on mesangial cell surface. This effect is specific for lispro, since previous studies found that human insulin may have opposite effects on renal hemodynamics, thereby resulting in a trend to increase GFR and RPF (39) and to synergize the vasodilator effects of blood glucose (40) . Regardless of the involved mechanisms, in the present study, modulating renal hemodynamics most likely limited the increase in albuminuria sustained by postprandial hyperperfusion and hyperfiltration.
It is unlikely that these results were due to factors other than differences in the type of insulin used. A randomized design and 2-week washout period were used between the study protocols to prevent a carry-over effect. There were no differences in the main basal (premeal) clinical features, including arterial pressure, blood glucose, serum HbA 1c and creatinine, and albuminuria in the two studies, nor were there changes in diet or antidiabetic and antihypertensive therapy, and no new concomitant therapy was introduced throughout the entire observation period. The two studies were carried out under strictly controlled experimental conditions to achieve euglycemia before the clearance studies. Moreover, in all patients, the intravenous infusion of regular insulin was withdrawn before the start of the euglycemic studies to ensure that there was no possibility of a carry-over effect of intravenously infused insulin that might affect the metabolic and renal response to the meal.
In theory, the different effect on renal hemodynamics could, at least in part, de- pend on the different pharmacokinetics or metabolic effects of the two insulins. However, because of its prompter absorption, postprandial lispro profile was virtually superimposable to that of regular insulin despite the different timing of subcutaneous injection (i.e., 5 and 30 min before the meal for lispro and regular insulin, respectively). As expected, equivalent doses of insulin lispro prevented the acute increase in blood glucose concentration induced by a standard meal more effectively than regular insulin and did not induce late hypoglycemia. However, findings that after lispro and regular insulin injection the opposite changes in GFR did not correlate with blood glucose levels and were not predicted by the differences in blood glucose profiles ruled out the possibility that improved postprandial metabolic control account for the renal hemodynamic response to lispro administration.
An original finding of the present study, with potential clinical implications, was that lispro, in addition to its capability to ameliorate postprandial hyperglycemia, also limited the postprandial increase in plasma amino acids and, in particular, the gluconeogenic ones that may directly modulate renal hemodynamics (4). Again, however, correlation and multivariate analyses failed to demonstrate any relationship between plasma amino acid levels and postprandial changes in GFR. A confounding effect of endogenous insulin production was also excluded by our data, since postprandial C-peptide levels were comparable after lispro or regular insulin administration. Finally, the finding that postprandial plasma profiles of lispro and human insulin were virtually identical renders it unlikely that the two insulins affected renal hemodynamics in different ways, through various effects on glucagon (5), growth hormone (4), or ketone body (7) production.
In conclusion, in type 2 diabetic subjects with nephropathy, a meal preceded by a dose of regular insulin allowed a moderate blood glucose increase and induced an acute kidney hyperperfusion and hyperfiltration that was paralleled by an increase in albumin excretion rate. Equivalent doses of lispro fully blunted postprandial hyperfiltration and limited the increase in blood glucose and plasma amino acid concentration and excess urinary albumin excretion. The mechanism(s) by which insulin lispro modulates renal hemodynamics is not known. Several lines of evidence consistently indicate a possible role for lispro-IGF-1 receptor binding, which prevents glomerular hyperfiltration and offsets the renal effects of meal or meal-associated hyperglycemia. 
